ABSTRACT Pyruvate decarboxylase (PDC) was purified from mature, dry maize kernels and from roots of anaerobically treated maize seedlings and partially characterzed. PDC was purified to a specific activity of 96 units per milligram protein from kernels and to 41 units per milligram protein from root. The subunit molecular masses were estimated to be 61,000 and 60,000 for kernel PDC and 59,000 and 58,000 for root PDC. The pH optimum for each enzyme was 5.8. Since the pH optimum is nearly one pH unit below the value reported for the cytoplasm of anaerobically metabolizing maize roots (pH 6.7 1 0.2), we investigated the effects of pH 5.8 and 6.6 on the cooperative kinetics observed for PDC from each source. The maximum Hill coefficients (nH) were much greater at each pH for the kernel PDC (pH 5.8, nH = 2.5 and pH 6.6, nH = 3.2) than for the root PDC (pH 5.8, nH = 14A and pH 6.6, nH = 1.8). The cooperative kinetics observed with respect to pyruvate were asymmetric. Potassium inhibited maize PDC and was competitive with pyruvate (root PDC K,= 16 millimolar and kernel PDC KJ= 10 millimolar).
Pyruvate decarboxylase, PDC3 (EC 4.1.1.1) catalyzes the decarboxylation of pyruvate to acetaldehyde; ADH (EC 1.1.1.1) then catalyzes the reduction ofthe acetaldehydeto ethanol. These two enzymes thus catalyze a pathway in which NAD+ is regenerated under anaerobic conditions. Pyruvate, the first substrate of this pathway, occurs at a major branch point in glycolysis between anaerobic and aerobic metabolism, and the regulation between these two metabolic routes is likely to occur both at the level of PDC synthesis and of PDC activity. The syntheses of PDC and ADH are specifically enhanced under anaerobic conditions (9, 18) , and significant increases in the activities of these enzymes are observed (9, 18) . One functional mechanism proposed to control this anaerobic pathway is the regulating effect of cytoplasmic pH on PDC activity (7) . PDC is inactive at the pH ofaerobically metabolizing tissues. However, the cytoplasmic ' pH of anaerobically metabolizing tissues is significantly lower than the pH of aerobically functioning tissues and this decrease allows PDC to function. The PDC's from sweet potato root (14, 15) , wheat (7, 22) , and brewer's yeast (3, 24) bind pyruvate cooperatively; thus, pyruvate levels have also been proposed as a regulatory mechanism. The effect(s) that changing the pH may have on these cooperative kinetics has not been investigated using a plant PDC. An additional mechanism to regulate this anaerobic pathway in plants is the inhibition of PDC by phosphate, a mechanism similar to the phosphate inhibition of yeast PDC (3) . A complete study of the possible effects of phosphate salts on plant PDC activity has not been done.
Since maize seedlings must carry out anaerobic metabolism to survive growth in anaerobic conditions such as in water-logged soils, the regulation of PDC is important. Therefore, we purified and partially characterized PDC from anaerobically treated maize roots and from maize kernels. The effects of pH and of pyruvate concentration on the cooperative kinetics were investigated for the enzyme from each of these two sources. The possible inhibition of maize PDC by phosphate and potassium was also studied.
MATERIALS AND METHODS
Reagents and Buffers. Sepharose 6B was purchased from Pharmacia Inc. 4 The mol wt standards and biochemical reagents were from Sigma. All other chemicals were of reagent grade. Buffer A contained 100 mM K-phosphate (pH 6.5), 50 mm TPP, 5 Roots (300 g from 1000 g kernels) were homogenized in a Waring Blendor with buffer A (900 ml) which contained polyvinyl polypyrolidone (5% w/v) as an aid in the removal of phenolics. This step and all others were at 4C. The homogenate was filtered through cheesecloth and centrifuged (10,000g, 25 min). Protamine sulfate (2% w/v) was added to the supernatant (-1 ml/20 ml) and the preparation was stirred for 10 min and centrifuged (15,000g, 25 min). The pH of the supernatant was adjusted to 7.5 with 1 M K2HPO4. Solid (NH4)2SO4 was added (35% saturation) and the preparation was stirred for 1 h and centrifuged (20,000g, 30 min). The resulting pellet was resuspended in 8 to 10 ml of buffer A with 0.25 mM TPP and ethylene glycol (15% v/v) added. The sample was centrifuged (25,000g, 20 min) and concentrated to a volume of 4 ml in dialysis tubing surrounded by PEG-20,000. An aliquot (2 ml) was applied to a column of Sepharose 6B (1.85 x 110 cm) which had been equilibrated in buffer A with 0.25 mm TPP and ethylene glycol (15% v/v) added. The PDC activity was eluted with this buffer using a flow rate of 7 ml h-'. The fractions containing the enzyme activity were pooled and stored at 4C.
Enzyme Activity and Protein Assays. PDC activity was measured by the assay of Oba and Uritani (15) Kinetic Procedures. PDC used for all kinetic studies was dialyzed against 500 volumes of 50 mM His-HCl (pH 6.5), 5 mM MgCl2, 0.25 mm TPP, and 5 mM 2-mercaptoethanol to remove all potassium. The kinetic studies utilized purified enzyme preincubated (30 min, 25C) in 50 mM His-HG (pH 6.5), 30 mm TPP, 30 mm MgCl2, and 2 mM DTT; 100 mM His-HC replaced the Mes-KOH in the assay buffer described above. Any changes in these procedures are given in the figure legends All enzyme velocities were determined in the linear portion of the reaction. At low concentrations of pyruvate up to 1 h was needed to reach the linear portion of the reaction. The data were analyzed using the method of least squares to compute the line of best fit. SDS Electrophoresis. SDS denaturing PAGE was done using a modification of the procedure of Laemmli (8) in which the gel and electrode buffers were made 1 mM EDTA-Na. Gels were stained for protein using a solution of0.05% Coomassie brilliant blue R-250 in 10% acetic acid and 50% methanol in water. Gels were destained using a solution of 10% acetic acid and 20% methanol in water.
Determination of Subunit Mr. The subunit mol wt of PDC from kernel and root tissues were determined using the method of Weber and Osborn (25) . A 12% acrylamide gel was used in the SDS denaturing electrophoresis procedure described above. (Fig. 1) . The SDS electrophoresis analysis of the purified PDC obtained from roots resolved three proteins of Mr 59,000, 58,000, and 44,000 (Fig.  1) . The two major peptides of PDC from each of these sources were present in equal or nearly equal amounts. The third protein species (Mr 44,000) in the root PDC was less than 10% of the total protein. The (Fig. 2) . In order to determine the number of ionizable groups involved in the catalytic process, the data were plotted as (log Vm=IVm,,, optimum) versus pH (15) (Fig. 2) with a pK more acidic than the pH optimum, one group with a pk at the pH optimum, and two groups with pKs less acidic than the pH optimum.
The cytoplasmic pH ofanaerobically metabolizing maize roots was estimated to be 6.5 to 6.9 (17) , and thus we chose to investigate the cooperative kinetics with respect to pyruvate at a pH within this range. At the pH value 6.6, root PDC had 67% of its maximum activity and kernel PDC had 55% of its maximum activity. The two PDCs exhibited markedly different degrees of cooperativity in response to pH and to changing concen- transition from nH> 1 to nH = 1 (or Michaelis-Menten kinetics) occurs at or below the half-saturating pyruvate concentration.
PDC was incubated in buffer containing 30 mM TPP and 30 mM MgCl2 to ensure that the enzyme was saturated with TPP and Mg before the kinetic analyses were done, and the assay mixtures contained I mM TPP. These cofactor concentrations were greater and the length of the incubation was longer than the conditions required to ensure saturation of other Mg-TPP requiring enzymes (1, 13) . No difference in Hill coefficient was observed between enzyme preparations which had been incubated (30 min) with the high concentrations of TPP compared with enzyme which had not been incubated in this buffer. These results suggest that the PDCs were saturated with TPP.
Effects of Phosphate and Potassium Ions on PDC Activity. The possible inhibition of maize kernel PDC by phosphate was examined (Table IV) . Phosphate, added as phosphoric acid, did not inhibit PDC activity at low concentrations and was a poor inhibitor at higher concentrations. However, potassium chloride and monobasic potassium phosphate which were equally effective inhibitors of PDC, were more effective inhibitors than was phosphoric acid. Chlorides of potassium, lithium, ammonium, and sodium (25 mM) were tested as possible inhibitors of PDC activity. Potassium chloride was the best inhibitor tested. Sodium chloride did not inhibit PDC activity. The extent ofthe inhibition depended on the specific monovalent cation, suggesting that the inhibitor was the cation and that of the cations, potassium was the best inhibitor. Potassium, added as KCI, was an inhibitor competitive with pyruvate as shown by analysis of a LineweaverBurk plot and a Dixon plot (Fig. 4) . A Ki value of 16 mm was estimated from these plots for root PDC. Potassium inhibition of root PDC was clearly linear at the six concentrations of pyruvate we examined. The intersection ofthe lines in the Dixon plot is above the X-axis, which is expected for a linear, competitive inhibitor. A Kiof 10 mm for potassium was estimated from the Dixon plot for the kernel PDC studies. In contrast to the results obtained with the root PDC, the inhibition by potassium of the kernel PDC did not appear to not be linear as determined by analysis of a Dixon plot (pH 5.8) (Fig. 5) . However, kernel PDC exhibits positive cooperativity with respect to pyruvate in the absence of potassium ( Fig. 3 ; Table III (Fig.  6 ). This increasing cooperativity is expected as the substrate concentration is increased for an enzyme assayed in the presence of both a substrate (pyruvate) which binds cooperatively to the enzyme and a competitive inhibitor (potassium) which does not bind to the enzyme in a cooperative manner (20) . This interpretation is consistent with the finding that potassium is a competitive inhibitor that does not bind cooperatively to root PDC. DISCUSSION PDC was purified from maize kernels to a higher specific activity (96 units/mg) than the value reported by Singer (22) for the enzyme from wheat germ (50 units/mg by our calculations). The specific activity of 96 units/mg protein compares favorably with the 80 to 90 units/mg protein reported for highly purified PDC from yeast (5) . The specific activity obtained for PDC of maize root was approximately 3-fold greater than the specific activity reported for PDC of sweet potato root (14) , the only other reported purification of PDC purified from root. (14) and for PDC of yeast (19) . The observation of two subunits of slightly differing mol wt for both maize PDCs was also consistent with the values reported for yeast PDC (23) . This finding differed from the single mol wt species reported for PDC from sweet potato (14) . The the small amount of the low mol wt species (44,000 Mr) in the root PDC is unknown but is presumed to be a result ofproteolytic degradation of the PDC during the purification since the relative amount ofthis protein increased slightly after storing the purified preparation for several weeks.
The lag phase observed with maize PDC is also characteristic of PDC from yeast (23) . We have investigated the lag phase, and the results of this investigation will be reported elsewhere.
PDC found in mature maize kernels will probably function in anaerobic metabolism during seed germination. We compared the properties of the kernel PDC with those ofthe PDC obtained from anaerobically treated roots and found significant kinetic differences between these two enzymes. PDC from the roots of anaerobically treated maize seedlings exhibited essentially Michaelis-Menten kinetics at pH 5.8 with respect to pyruvate, while the enzyme from the kernel exhibited a high degree of cooperativity with pyruvate at pH 5 The saturation curves observed for maize PDC display a shift of the cooperative range to lower pyruvate concentrations to such an extent that the cooperative range appears below halfsaturation (Fig. 3) . This asymmetry is in contrast to normal allosteric systems which display saturation curves which seem to be nearly symmetrical and in which the sigmoidal range is limited on both sides by hyperbolic parts. Normally, the half-saturation point lies approximately in the middle of the sigmoidal range; and this is easily seen in Hill plots (1) . Bisswanger (1) observed that asymmetrical cooperativity can sometimes be explained on the basis of the concerted model of Monod et al. ( 12) and then later developed the slow transition model (2) as another explanation of asymmetrical cooperativity. Such asymmetrical curves have been observed for pyruvate dehydrogenase (1) and for PDC of sweet potato (14) . The cooperative kinetics observed with respect to pyruvate were the same for untreated PDC and for PDC preincubated in high concentrations of Mg2+-TPP.
Potassium was an effective, competitive inhibitor ofPDC from maize while phosphate was not as effective as an inhibitor. These findings were consistent with the results of Kenworthy and Davies (7) who also found that potassium but not phosphate was an inhibitor of wheat PDC. PDC was inhibited by potassium concentrations of the same order of magnitude as reported to be contained in castor beans (10) and oat seeds (16) . Thus, the inhibition of PDC by potassium could be relevant in vivo.
In summary, the regulation of maize PDC activity in vivo is probably due to a complex interaction of effectors, some of which not only exert direct effects on PDC but also influence each other. The activity is directly affected by the pH and by the cooperativity with respect to pyruvate; these cooperative kinetics are in turn influenced by the pH.
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